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ABSTRACT  1 
The study aimed to determine the optimal application of single- and paired-pulse transcranial 2 
magnetic stimulation (TMS) in the rectus femoris. Twenty-nine male adults participated in the 3 
study, which involved 5 separate experiments. Experiments 1 to 3 assessed the effect of 4 
conditioning stimulus (CS) intensity (60, 70, 80 and 90% active motor threshold, AMT), 5 
contraction strength (5, 10, 20 and 50% maximum voluntary contraction, MVC), and inter-6 
stimulus interval (ISI, 2-5 ms for short-interval intracortical inhibition, SICI and 10-15 ms for 7 
intracortical facilitation, ICF) on SICI and ICF. In Experiment 4, 30 measurements of 8 
corticospinal excitability (CSE), SICI and ICF were recorded, with the minimum number of 9 
consecutive measurements required as a probability of falling within the 95% CI determined. 10 
In Experiment 5, within- and between-day reliability of CSE, SICI and ICF was assessed. The 11 
results suggest that for SICI, a CS of 70% AMT, ISI of 2 ms, and contraction strength of 5 or 12 
10% MVC induces the greatest level of inhibition. Negligible differences in ICF were seen 13 
across stimulus variables. The minimum number of measurements required to obtain an 14 
accurate estimate of CSE, SICI and ICF was 21, 18 and 17, respectively. Using the optimal 15 
stimulus variables and number of measurements, CSE, SICI and ICF can be measured reliably 16 
both within- and between-days (intraclass correlation coefficient, ICC ≥ 0.87, ≥ 0.74, and ≥ 17 
0.61, respectively). The current findings can be used to guide future investigations using single- 18 
and paired-pulse TMS to elicit responses in the rectus femoris. 19 
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INTRODUCTION 25 
Transcranial magnetic stimulation (TMS) over the motor cortex is a safe and non-invasive 26 
technique that permits the quantitative assessment of intracortical and corticospinal activity in 27 
humans (Kobayashi and Pascual-Leone 2003). At a sufficient intensity, single-pulse TMS 28 
induces descending volleys which travel through pyramidal tract neurons and spinal motor 29 
neurons to evoke an electromyographical (EMG) response in a target muscle (Goodall et al. 30 
2014).  The amplitude of the compound EMG response, termed the motor evoked potential 31 
(MEP), can be used to quantify corticospinal excitability (CSE). Paired-pulse TMS paradigms 32 
can be used to examine intracortical inhibitory and facilitatory circuits. Specifically, when a 33 
subthreshold conditioning stimulus (CS) precedes a suprathreshold test stimulus by an interval 34 
of 1-5 ms, inhibitory circuits mediated by gamma-aminobutyric acid type A (GABAA) 35 
interneurons are activated, resulting in a reduction in the size of the MEP (short-interval 36 
intracortical inhibition, SICI) (Kujirai et al. 1993). In contrast, paired-pulse TMS at a longer 37 
inter-stimulus interval (ISI; 10-15 ms) facilitates the MEP response (intracortical facilitation, 38 
ICF). While the mechanisms of ICF are less clear, it has been suggested that MEP facilitation 39 
could be due to activation of glutamate mediated N-methyl-D-aspartate excitatory interneurons 40 
(Liepert et al. 1997; Nakamura et al. 1997).  41 
 42 
The stimulus variables used to measure SICI and ICF can be manipulated in order to maximise 43 
activation of inhibitory and facilitatory intracortical interneurons and thereby augment the level 44 
of inhibition and facilitation induced by paired-pulse TMS. Specifically, the subthreshold CS 45 
intensity (O'Leary et al. 2015; Sidhu et al. 2013b; Vucic et al. 2009), suprathreshold test pulse 46 
intensity (Temesi et al. 2017), ISI (Ortu et al. 2008) and the contraction strength used during 47 
paired-pulse TMS measurements (Ortu et al. 2008; Ridding et al. 1995; Zoghi and Nordstrom 48 
 
 
2007) have all been shown to influence the degree of inhibition and/or facilitation. While these 49 
stimulus variables have been systematically optimised in upper limb muscle groups (Ortu et al. 50 
2008), no study exists examining the optimal configuration used to elicit SICI and ICF in the 51 
knee extensors. Given the differences in intracortical circuits between upper and lower limb 52 
muscles (Chen et al. 1998), using stimulus variables optimised in the upper limb might not be 53 
appropriate when investigating responses to paired-pulse TMS in lower limb locomotor 54 
muscles. At present, much heterogeneity exists between studies in the stimulus variables 55 
applied when measuring SICI and ICF in the knee extensors. For example, the conditioning 56 
stimulus intensity applied when taking measures of SICI and ICF varies between studies, with 57 
some studies applying a conditioning stimulus intensity of 70% (Thomas et al. 2017b) active 58 
motor threshold (AMT) or 90% (Latella et al. 2017; O'Leary et al. 2016) resting motor 59 
threshold (RMT) when measuring both SICI and ICF. Similarly, inconsistencies exist in the 60 
ISI used when measuring SICI, with studies using either a 2 (Brownstein et al. 2017) or 3 ms 61 
(O'Leary et al. 2016; Thomas et al. 2017b) ISI for SICI, and an ISI of, 12, (Latella et al. 2017) 62 
13 (Thomas et al. 2017b) or 15 ms for ICF (Luc-Harkey et al. 2017; O'Leary et al. 2016). Such 63 
methodological issues make comparisons between investigations problematic.   64 
 65 
Another pertinent question when attempting to optimise single- and paired-pulse TMS in the 66 
knee extensors is the number of pulses required to obtain an accurate estimate of CSE, SICI 67 
and ICF. During single- and paired-pulse TMS, the amplitude of the MEP demonstrates 68 
significant pulse-to-pulse variation due to constant fluctuations in CSE (Heroux et al. 2015; 69 
Kiers et al. 1993), as well as randomness in the firing of pyramidal tract neurons and spinal 70 
motor neurons (Pitcher et al. 2003) and desynchronization of action potentials (Magistris et al. 71 
1998). This variability can be reduced by taking measurements when the muscle is in an active 72 
state (Darling et al. 2006). Nonetheless, consecutive measurements are required in order to 73 
 
 
obtain a reliable and accurate estimation of CSE, SICI and ICF. Cuypers et al. (2014) and 74 
Bashier et al. (2017) suggested that at least 30 consecutive stimuli are required to obtain a 75 
reliable estimate of CSE in the relaxed first dorsal interosseous muscle. However, it is known 76 
that the variability in MEP amplitude differs according to the muscle under investigation 77 
(Brasil-Neto et al. 1992; Malcolm et al. 2006), and differences in corticospinal projections 78 
between upper and lower limbs could influence the pulse-to-pulse variability in MEP amplitude 79 
(Brouwer and Ashby 1990). Currently, the appropriate number of pulses in the active knee 80 
extensors remains unclear, with the majority of studies arbitrarily using 10-15 responses 81 
(O'Leary et al. 2015; Weier et al. 2012). Understanding the appropriate number of stimuli 82 
required during single- and paired-pulse TMS in the knee extensors is an important 83 
consideration in order to maximise the accuracy of intracortical and corticospinal 84 
measurements when assessing the neurophysiological effects of various acute and chronic 85 
interventions, such as fatiguing exercise, repetitive TMS, or strength training.  86 
 87 
Assessing intracortical and corticospinal activity in the knee extensors is conceptually 88 
appealing given the key role of this muscle group in locomotion and sporting activity. Indeed, 89 
an increasing number of studies have used paired-pulse TMS to examine intracortical 90 
mechanisms involved in locomotion (Sidhu et al. 2013b), fatigue-induced alterations in 91 
intracortical activity (O'Leary et al. 2016; Thomas et al. 2017a; Verin et al. 2004), and neural 92 
adaptations to strength training (Weier et al. 2012), as well as the neurophysiology of 93 
movement disorders (Cantello 2002). As such, understanding the optimal methods used to 94 
measure CSE, SICI and ICF and the reliability of these measures could provide guidance for 95 
the design of experimental protocols, and mitigate the heterogeneity which currently exists 96 
between studies. Accordingly, the aims of the study were threefold: 1) to establish the optimal 97 
combination of stimulus variables (CS intensity, ISI and contraction strength) when measuring 98 
 
 
SICI and ICF in the knee extensors, 2) to determine the minimum number of stimuli required 99 
to obtain an accurate estimation of CSE, SICI and ICF and 3) to assess the within-day and 100 
between-day reliability of CSE, SICI and ICF once the optimal stimulus variables and number 101 
of responses had been established. 102 
 103 
 104 
METHODS 105 
Participants 106 
The study received ethical approval from the Northumbria University Faculty of Health & Life 107 
Sciences Ethics committee in accordance with the ethical standards established in the 108 
Declaration of Helsinki. Written informed consent was obtained from all participants prior to 109 
data collection. Twenty-nine young male adults participated in at least one experiment of the 110 
study. Participants were free of any cardiorespiratory, neurological or neuromuscular health 111 
disorders, had no metal plates in the head/brain, and were not taking any medication that might 112 
have interfered with the nervous system. All participants completed a TMS safety screening 113 
questionnaire prior to the data collection procedure (Keel et al. 2001). Participants were 114 
required to refrain from alcohol consumption and strenuous physical activity in the 24 h prior 115 
to data collection, and to abstain from caffeine consumption for the 12 h prior to each 116 
experimental visit.  117 
 118 
Design 119 
The study was divided into five experiments (Figure 1). During all experiments within the 120 
study, single- and paired-pulse TMS was delivered during tonic contractions. This is because 121 
 
 
studies applying single- and paired-pulse TMS paradigms in the knee extensors are commonly 122 
related to locomotor activities (Sidhu et al. 2013b; Thomas et al. 2017a; Thomas et al. 2017b), 123 
and it is thus recommended that assessment of corticospinal and intracortical activity be 124 
conducted during contraction in order to provide a better reflection of neurophysiological 125 
processes occurring during motor activity (Gruet et al. 2013; Kalmar 2018). 126 
Experiments 1-3 aimed to determine the optimal stimulus variables used to measure SICI and 127 
ICF in the rectus femoris by investigating the effects of CS intensity, contraction strength and 128 
ISI, respectively, on the level of inhibition and facilitation. Experiment 4 assessed the minimum 129 
number of measurements required to obtain an accurate estimate of CSE, SICI and ICF using 130 
the optimal stimulus variables determined from Experiments 1-3. Using the optimal stimulus 131 
variables and number of measurements obtained from Experiments 1-4, Experiment 5 assessed 132 
the within- and between-day reliability of CSE, SICI and ICF. Each experiment was separated 133 
by between three and five weeks.  134 
 135 
Instrumentation 136 
Torque and electromyography recordings 137 
A calibrated load cell (MuscleLab force sensor 300, Ergotest technology, Norway) was used 138 
to measure isometric knee extensor force (N) during voluntary and stimulated contractions. 139 
The load cell was fixed to a custom built chair and strapped with a non-compliant cuff to the 140 
participant’s right leg, superior to the ankle malleoli. Knee and hip angle were measured using 141 
a goniometer at 90° flexion prior to each experiment and maintained during contractions. 142 
Participants were instructed to grasp the handles on the side of the chair for support during 143 
maximal voluntary contractions (MVC) of the right knee extensors. Three MVCs of 3 s 144 
duration were performed prior to each trial, with 60 s between each contraction. The force trace 145 
 
 
was displayed on a computer screen directly in front of participants in order to assist in 146 
providing maximal efforts (Baltzopoulos et al. 1991) and to provide the target force during 147 
submaximal contractions.  The maximum force from the three MVCs was recorded in order to 148 
calculate the submaximal contraction values. EMG activity was recorded from the rectus 149 
femoris, using a bipolar setup, with surface electrodes (Ag/AgCl; Kendall H87PG/F, Covidien, 150 
Mansfield, MA, USA) placed 2 cm apart over the muscle belly, and a reference electrode placed 151 
on the patella. The placement of the EMG electrodes on the rectus femoris was based on 152 
Seniam guidelines. Specifically, the electrodes were placed at 50% on the line from the anterior 153 
spina iliaca superior to the superior part of the patella. The skin surface was shaved and cleaned 154 
prior to electrode placement, and marked with indelible ink to ensure consistent placement. 155 
Although the vastus lateralis has been studied when measuring responses to TMS during and 156 
following locomotor exercise (O'Leary et al. 2016; Sidhu et al. 2013b), this muscle is uni-157 
articular and is involved in knee extension exclusively. Given that studies measuring responses 158 
to TMS in the knee extensors are most commonly conducted in response to activities involving 159 
locomotion (Brownstein et al. 2017; Thomas et al. 2017b; Weier et al. 2012), we believed that 160 
the rectus femoris was a more suitable muscle to study due to its biarticular make up and 161 
significant contribution to both hip flexion and knee extension, movements which are heavily 162 
involved in locomotion and activities of daily living. Signals were amplified: gain ×1,000 for 163 
EMG and ×300 for force (CED 1902; Cambridge Electronic Design, Cambridge, UK), band-164 
pass filtered (EMG only: 20–2000 Hz), digitized (4 kHz; CED 1401, Cambridge Electronic 165 
Design) and analyzed offline. 166 
 167 
Motor nerve stimulation 168 
 
 
Peripheral stimulation of the right femoral nerve was administered using square wave pulses 169 
(200 µs) via a constant-current stimulator (DS7AH, Digitimer Ltd., Hertfordshire, UK) using 170 
self-adhesive surface electrodes (CF3200, Nidd Valley Medical Ltd., North Yorkshire, UK). 171 
The cathode was placed over the nerve, high in the femoral triangle in the position that elicited 172 
the greatest twitch amplitude (Qtw) and compound muscle action potential (M-wave) in the 173 
rectus femoris (RF) at rest. The anode was placed halfway between the greater trochanter and 174 
iliac crest. Stimuli were delivered in 20 mA step-wise increments beginning at 20 mA until the 175 
maximum knee extensor twitch amplitude (Qtw, N) and muscle compound action potential 176 
(Mmax, mV) were elicited. The resulting intensity was then increased by 30% in order to ensure 177 
the stimulation intensity was supramaximal. The peak-to-peak amplitude of Mmax was used as 178 
a measure of peripheral muscle excitability.  179 
 180 
Transcranial magnetic stimulation 181 
Single- and paired-pulse TMS were delivered over the motor cortex via a concave double cone 182 
coil using a BiStim unit and two Magstim 2002 stimulators (The Magstim Company Ltd, 183 
Whitland, UK). The junction of the double cone coil was aligned tangentially to the sagittal 184 
plane, with its centre 1-2 cm to the left of the vertex, and was oriented to induce current in the 185 
posterior-to-anterior direction. The optimal coil placement was determined at the start of each 186 
trial as the position that elicited the largest MEP in the RF muscle during a light voluntary 187 
contraction (10% MVC). The optimal position was marked with indelible ink to ensure 188 
consistent placement throughout the trial. The stimulator intensity was based on an active 189 
motor threshold (AMT) established during a 10% MVC in all experiments apart from 190 
Experiment 2 (see below). In order to determine AMT, the stimulator intensity was increased 191 
in 5% steps beginning at 35% of stimulator output until a consistent MEP with peak-to-peak 192 
 
 
amplitudes exceeding 200 µV were found, with an observable silent period. Thereafter, 193 
stimulus intensity was reduced in 1% steps until an MEP amplitude exceeding 200 µV was 194 
elicited in 3 out of 5 stimulations (Weier et al. 2012). For all experiments, the single-pulse and 195 
test-pulse intensity was set at 120% of AMT, as this intensity lies on the middle portion of the 196 
ascending part of the stimulus-response curve (Han et al. 2001), and is thus sensitive to changes 197 
in corticospinal excitability. 4-6 s were given between each pulse. During Experiments 1-3, the 198 
order in which SICI, ICF and/or CSE, and each stimulus variable was assessed was pseudo-199 
randomised and counterbalanced using Latin square randomisation, while the order in which 200 
single- and paired-pulses were delivered was randomised using an online randomiser 201 
(www.randomizer.org).  202 
 203 
Experimental procedures 204 
Experiment 1 – Influence of conditioning stimulus intensity on SICI and ICF.  205 
Twenty participants (aged: 25 ± 4 years; stature: 181.4 ± 6.6 cm; mass: 84.2 ± 13.3 kg) took 206 
part in this experiment. SICI and ICF were assessed using a subthreshold CS, followed by a 207 
suprathreshold test stimulus as described by Kujirai et al. (1993). Subthreshold CS intensities 208 
of 60, 70, 80 and 90% AMT were applied. Inter-stimulus intervals of 2 (Brownstein et al. 2018; 209 
Brownstein et al. 2017; Goodall et al. 2018) and 3 ms (O'Leary et al. 2016; Thomas et al. 210 
2017b) for SICI and 10 (Di Lazzaro et al. 2006; Volz et al. 2012) and 15 ms  (Chen et al. 1998; 211 
Orth et al. 2003) for ICF were examined at each CS intensity since these ISIs successfully 212 
elicited inhibition and facilitation in a number of previous studies. The order of conditions was 213 
pseudo-randomised and counterbalanced. During each experimental condition, a total of 24 214 
pulses (12 single and 12 paired) were delivered in a randomised order in 4 sets of 6 during a 215 
submaximal contraction set at 10% of the MVC force (total of 96 single- and 96 paired-pulses 216 
 
 
across all conditions). A short rest (30 s) was given in between each set of pulses to minimise 217 
the development of muscle fatigue. The CS intensity and ISI that elicited maximum SICI and 218 
ICF was used in Experiment 2. 219 
 220 
Experiment 2 – Effect of different levels of muscle contraction on SICI and ICF. 221 
Eighteen participants participated in Experiment 2 (25 ± 4 years; stature: 182.3 ± 6.1 cm; mass: 222 
85.9 ± 13.4 kg), which aimed to assess the effects of four different contraction strengths (5, 10, 223 
20 and 50% MVC) on SICI and ICF. Based on the results from Experiment 1, the CS and ISI 224 
were 70% AMT and 2 ms for SICI, and 60% AMT and 10 ms for ICF, respectively.  During 225 
the 5% and 10% MVCs, AMT was defined, as above, the lowest stimulator intensity required 226 
to produce MEPs >200 µV in 3 out of 5 stimulations. During the 20% and 50% MVCs, AMT 227 
was defined as the minimum stimulator intensity that produced a discernible MEP which was 228 
200 µV greater than the pre-stimulus EMG. This approach was employed due to background 229 
EMG activity being greater than 200 µV at contraction intensities of 20% and 50% MVC. At 230 
lower contraction strengths (5, 10 and 20% MVC), 24 pulses (twelve single and twelve paired) 231 
were randomly delivered in sets of six, with a short rest (30 s) given between sets. At 50% 232 
MVC, 16 pulses (eight single and eight paired) were randomly delivered in groups of four, with 233 
a longer rest interval (1 min) given between sets in order to minimise muscle fatigue (total of 234 
44 single- and 44 paired-pulses across all conditions). The order of the 5, 10 and 20% MVC 235 
conditions were pseudo-randomised and counterbalanced, whilst the 50% MVC was always 236 
performed last because of the higher potential to induce muscle fatigue. The contraction 237 
strength that elicited maximum SICI and ICF was used in Experiment 3. 238 
 239 
Experiment 3 – Effect of inter-stimulus interval on SICI and ICF. 240 
 
 
Sixteen participants took part in Experiment 3 (aged: 24 ± 3 years; stature: 181.3 ± 6.5 cm; 241 
mass: 84.4 ± 10.2 kg). Using a CS of 70% AMT for SICI and 60% AMT for ICF and a 242 
contraction strength of 10% MVC based on the results from Experiments 1 and 2, this 243 
experiment assessed the influence of using different ISIs on SICI and ICF. For SICI, ISIs 244 
included 2, 3, 4 and 5 ms, while ICF ISIs included 10, 11, 12, 13, 14 and 15 ms. The order of 245 
conditions was pseudo-randomised and counterbalanced. At each ISI, 24 pulses (twelve single 246 
and twelve paired) were randomly delivered in four sets of six, with a short rest (30 s) given 247 
between sets (total of 60 single- and 60 paired-pulses across all conditions).   248 
 249 
Experiment 4 – Assessment of the minimum number of measurements required to obtain an 250 
accurate estimation of CSE, SICI and ICF. 251 
Experiment 4 was conducted on twenty subjects (aged: 24 ± 4 years; stature: 180.4 ± 7.1 cm; 252 
mass: 79.7 ± 12.8 kg). Based on the results from Experiments 1, 2 and 3, SICI was elicited with 253 
a CS of 70% AMT, contraction strength of 10% MVC, and an ISI of 2 ms. For ICF, the stimulus 254 
variables incorporated a CS of 60% AMT, contraction strength of 10% MVC, and an ISI of 10 255 
ms. For SICI and ICF separately, 60 pulses (30 single and 30 paired) were delivered in a 256 
randomised order, with 30 single pulses delivered for assessment of CSE separate from the 257 
assessment of SICI and ICF (total of 90 single- and 60 paired-pulses across all conditions). All 258 
pulses were delivered in sets of 6, with a short rest between each set. The order of the conditions 259 
was pseudo-randomised and counterbalanced.   260 
 261 
Experiment 5 – Within-day and between-day reliability of CSE, SICI and ICF 262 
Twenty participants took part in Experiment 5 (aged: 24 ± 4 years; stature: 183 ± 6 cm; mass: 263 
81 ± 10 kg), which assessed the within-day and between-day reliability of CSE, SICI and ICF 264 
 
 
using the optimal stimulus variables obtained from the 4 previous experiments (CS of 70% 265 
AMT, ISI of 2 ms, and contraction strength of 10% MVC for SICI, CS of 60% AMT, ISI of 10 266 
ms, and contraction strength of 10% MVC for ICF). Based on the results of Experiment 4, 20 267 
conditioned and 20 unconditioned pulses were delivered in sets of 6 to determine SICI and ICF 268 
separately, with 20 single pulses delivered in sets of 5 for CSE separate from the assessment 269 
of SICI and ICF (total of 60 single-pulses and 40 paired-pulses across all conditions). For 270 
within-day reliability, participants visited the laboratory on two occasions in the morning and 271 
afternoon, separated by 4 h (e.g. 0900 and 1300). For between-day reliability, participants 272 
visited the laboratory on one further occasion at the same time of day as their previous morning 273 
session. In order to account for any within- or between-day fluctuations in peripheral muscle 274 
excitability, femoral nerve stimulation was administered at the beginning of each visit in order 275 
to assess Mmax. In order to ensure consistent placement of electrodes during each visit in 276 
Experiment 5, electrodes were marked with indelible ink during each trial. 277 
 278 
Data analysis 279 
The peak-to-peak amplitude of the EMG responses to motor nerve stimuli and TMS were 280 
analysed offline. The root mean square EMG amplitude (RMSEMG) and average force were 281 
calculated in the 80 ms prior to each TMS stimulus to ensure a similar level of background 282 
muscle activity during each stimulation, and excluded if pre-stimulation force was > 5% above 283 
or below the average force calculated from all stimulations in the set (< 1% excluded). To 284 
quantify SICI and ICF, the ratio of the average conditioned paired-pulse MEP amplitude was 285 
expressed relative to the average unconditioned MEP amplitude at 120% AMT. A ratio < 100% 286 
indicates inhibition, and a ratio > 100% indicates facilitation. Throughout the study, the 287 
stimulus variables which elicited the greatest degree of inhibition and facilitation and/or 288 
 
 
produced inhibition and facilitation in the highest number of participants were used in the 289 
subsequent experiments of the study. While the average degree of inhibition and facilitation 290 
was prioritised as the most important factor in determining which stimulus variable was used 291 
in subsequent experiments of the study, the number of participants that exhibited inhibition and 292 
facilitation at each configuration was considered if the configuration which produced the 293 
highest average degree of inhibition or facilitation produced inhibition or facilitation in a 294 
substantially fewer number of participants (≤10%) than other configurations. In Experiment 4, 295 
the average MEP for CSE was calculated for subsets of consecutive stimuli as follows: 296 
𝑀𝐸𝑃𝑛 = 
𝑀𝐸𝑃1+...+𝑀𝐸𝑃𝑛
𝑛
  297 
where n = 2 to 30 consecutive MEPs for CSE(Cuypers et al. 2014). This procedure was also 298 
conducted for subsets of consecutive pairs of conditioned/unconditioned MEPs for SICI and 299 
ICF. For this experiment, the average of 30 consecutive measurements was considered as the 300 
true value for CSE, SICI and ICF. A 95% confidence interval (CI) was then calculated using 301 
all 30 measurements for each participant. Based on the CSE, SICI and ICF n value and the CI, 302 
it was determined whether the value for subsets of stimuli were included in the CI, yielding a 303 
binary variable (0 = not included in the CI, 1 = included in the CI). Subsequently, the number 304 
of consecutive measurements required as a probability of falling within the 95% CI was 305 
determined (Cuypers et al. 2014). In Experiment 5, CSE was assessed by averaging single MEP 306 
amplitudes across 20 pulses and normalizing the value relative to the Mmax. Additionally, to 307 
investigate the influence of the number of measurements taken for the within- and between-308 
day reliability of CSE, SICI and ICF, subsets of 5, 10, 12 and 15 stimuli (for CSE) or pairs of 309 
conditioned/unconditioned stimuli (for SICI and ICF) were calculated.  310 
 311 
Statistical analysis 312 
 
 
All data are presented as mean ± SD. Statistical analysis was performed using Statistical 313 
Package for Social Sciences (SPSS, v22.0). Normality of the data was assessed using the 314 
Shapiro-Wilks test. If the assumption of normality was violated, appropriate transformations 315 
were performed, with common logarithm used for strongly positively skewed ICF and SICI 316 
data in Experiments 1 and 2, respectively, and reciprocal transformation used for extremely 317 
positively skewed ICF data in Experiment 2 (Bulmer 1979). For repeated measures ANOVA, 318 
sphericity was assessed using Mauchly’s test. The Greenhouse-Geisser correction was used to 319 
compensate for non-spherical data. In the event of a significant main effect, post hoc pairwise 320 
comparison with Bonferroni corrections for multiple comparisons was applied. Statistical 321 
significance was accepted at P < 0.05. For Experiment 1, the effect of CS intensity (60, 70, 80, 322 
90%) and ISI (2, 3, 10, 15 ms) on SICI and ICF was tested using a two-way repeated measures 323 
ANOVA. For Experiment 2, the effect of contraction strength (5, 10, 20, 50% MVC) on SICI 324 
and ICF was assessed using a one-way repeated measures ANOVA. For Experiment 3, a one-325 
way repeated measures ANOVA was used to assess the effect of the ISI (2, 3, 4, 5 ms for SICI 326 
and 10, 11, 12, 13, 14, 15 ms for ICF) on SICI and ICF.  327 
 328 
For Experiment 4, a linear regression was performed on the data of each participant to assess 329 
for change (slopes) in CSE, SICI or ICF over time. If the slope of the regression was statistically 330 
significant (P < 0.05), which would indicate a trend for scores to increase or decrease over 331 
time, the data from the corresponding participant was removed from the analysis of the specific 332 
condition. Although participants were given a rest period between each set throughout the 333 
experiment in order to prevent muscle fatigue, this analysis was performed in order to ensure 334 
the results were not confounded by fatigue-induced alterations in CSE, SICI or ICF. After 335 
excluding 4 participants from the CSE analysis, 2 participants from the SICI analysis, and 1 336 
 
 
participant from the ICF analysis, 16 (CSE), 18 (SICI) and 19 (ICF) participants were included 337 
in the final analysis.  338 
 339 
For Experiment 5, a one-way repeated measures ANOVA was performed on all neuromuscular 340 
and TMS variables to assess for any within- or between-day differences using 20, 15, 12, 10 341 
and 5 responses. Relative reliability of all neuromuscular and TMS measures was assessed 342 
using intraclass correlation coefficient (ICC3,1), while absolute reliability was assessed using 343 
typical error (TE) expressed in raw units (Hopkins 2000), and variability assessed through 344 
coefficient of variation (CV) determined using the formula: standard deviation/mean × 100. As 345 
per the guidelines recommended by Koo and Li (2016), ICCs between 0.5 and 0.75 were 346 
considered moderately reliable, values between 0.75 and 0.9 were considered of good 347 
reliability, and values above 0.9 considered of excellent reliability.  348 
 349 
RESULTS 350 
Experiment 1  ̶  Influence of conditioning stimulus intensity on SICI and ICF. 351 
Figure 2A and B, respectively, display the ratios of the conditioned to unconditioned pulses for 352 
SICI and ICF at different CS intensities and ISIs. A two-way ANOVA comparing SICI and 353 
different CS intensities and ISIs showed no main effect for CS (F1.77,33.65 = 3.191, P = 0.059), 354 
ISI (F1,19 = 2.111, P = 0.163) or CS*ISI (F1.81,34.29 = 2.879, P = 0.075). Similarly, for ICF, there 355 
was no main effect for CS (F1.96,37.14 = 1.011, P = 0.372), ISI (F1,19 = 0.416, P = 0.572) or 356 
CS*ISI (F2.55,48.37 = 0.848, P = 0.473). Although there were no statistically significant 357 
differences between stimulus variables, a CS of 70% with an ISI of 2 ms elicited the greatest 358 
degree of inhibition on average (67 ± 17% of unconditioned MEP), with 19 out of 20 359 
participants displaying a conditioned/unconditioned MEP ratio < 100%. For ICF, although a 360 
 
 
CS intensity of 80% AMT with an ISI of 10 ms produced the highest level of ICF on average 361 
(132 ± 40% of unconditioned MEP), only 16 out of 20 participants displayed a 362 
conditioned/unconditioned MEP ratio > 100%. In contrast, a CS of 60% AMT with an ISI of 363 
10 ms induced facilitation (125 ± 20% of unconditioned MEP) in 18 out of 20 participants. 364 
Consequently, stimulus variables consisting of a 70% CS AMT with an ISI of 2 ms for SICI, 365 
and a CS of 60% AMT with an ISI of 10 ms for ICF, were applied in the subsequent parts of 366 
the study. 367 
 368 
Experiment 2  ̶  Effect of different levels of muscle contraction on SICI and ICF. 369 
Figure 3 displays the ratios of the conditioned to unconditioned MEP at different contraction 370 
strengths. A main effect for contraction strength on SICI was observed (F2.196,37.325 = 21.604, 371 
P < 0.001). Post hoc analysis showed that there was more inhibition of the conditioned MEP 372 
at 5% MVC compared with 20% MVC (P = 0.021) and 50% MVC (P < 0.001). Similarly, there 373 
was more inhibition at 10% MVC compared with 20% MVC (P = 0.037) and 50% MVC (P < 374 
0.001), with no differences between 5% and 10% MVC (P = 1.000), and more inhibition at 375 
20% than 50% MVC (P = 0.005). For ICF, there was a main effect for contraction strength 376 
(F3,51 = 4.741, P = 0.005), with post hoc analysis showing more facilitation of the conditioned 377 
MEP at 10% MVC compared with 50% MVC (P = 0.012), and more facilitation at 20% than 378 
50% MVC (P = 0.006), with no other differences (P > 0.05). A contraction strength of 10% 379 
MVC was chosen for further analysis during SICI and ICF measurements.  380 
 381 
Experiment 3 – Effect of inter-stimulus interval on SICI and ICF. 382 
Figure 4 displays the ratios of the conditioned to unconditioned MEP at different ISIs. A one-383 
way ANOVA displayed a main effect for SICI (F1.80,25.22 = 17.675, P < 0.001). Post hoc 384 
 
 
analysis revealed that a 2 ms ISI resulted in more inhibition of the conditioned MEP than 4 ms 385 
(P = 0.001) and 5 ms (P < 0.001), with no difference between 2 and 3 ms (P = 0.092). An ISI 386 
of 3 ms induced more inhibition than 5 ms (P = 0.023) with no difference between 3 and 4 ms 387 
(P = 0.286). No difference was found between inhibition at 4 and 5 ms (P = 0.063; Cohen’s d 388 
effect size = 0.85). For ICF, there was a main effect for ISI (F2.87,40.17 = 4.355, P = 0.011), 389 
however, post hoc comparison revealed no differences between facilitation of the conditioned 390 
MEP at any ISI (P > 0.05). Although differences between SICI at ISIs of 2 and 3 ms were not 391 
observed, an ISI of 2 ms induced the greatest mean inhibition (59 ± 21% vs. 75 ± 31% of 392 
unconditioned MEP for 2 and 3 ms, respectively), and induced inhibition in more participants 393 
(16 at 2 ms vs. 14 at 3 ms). Similarly, the highest degree of facilitation on average was induced 394 
at 10 ms (120 ± 9% of unconditioned MEP), with the highest number of participants facilitated 395 
(13). As such, an ISI of 2 ms for SICI and 10 ms for ICF were used for the subsequent parts of 396 
the study.  397 
 398 
Experiment 4  ̶  Assessment of the minimum number of measurements required to obtain 399 
an accurate estimation of CSE, SICI and ICF. 400 
The probability that MEPn, SICIn and ICFn fell within the 95% CI based on 30 TMS pulses or 401 
pairs of conditioned/unconditioned pulses increased with successive stimulations (Figure 5). 402 
At least 21, 18 and 17 stimuli were required for CSE, SICI and ICF, respectively, to reach a 403 
100% probability that the average MEP fell within the 95% CI for all participants (Figure 6).  404 
 405 
Supplementary experiment – Comparison of number of measures used in Experiments 406 
1-3 with optimal number derived from Experiment 4.  407 
 
 
The results from Experiment 4 displayed that the minimum number of measurements required 408 
to obtain an accurate estimate of SICI and ICF was 18 and 17, respectively. However, in 409 
Experiments 1-3, 12 measurements were used to determine the optimal combination of 410 
stimulus variables used to measure SICI and ICF. In order to determine whether using a 411 
suboptimal number of measurements in Experiments 1-3 could have had any bearing on the 412 
results, the level of uncertainty (assessed using 95% CIs) associated with using 12 and 17 (for 413 
ICF) and 18 measurements (for SICI) was determined using random sampling without 414 
replacement. This procedure involved taking 12 and 17 (for ICF), and 12 and 18 (for SICI) 415 
random conditioned/unconditioned MEP ratios (without replacement) derived from the 30 416 
measurements taken in Experiment 4, and calculating the mean and 95% CIs from each sample. 417 
One thousand replicates of 12, 17 and 18 random samples were generated, with the average of 418 
the thousand means and upper and lower bound CIs calculated. The width of the 95% CIs were 419 
compared between 12 measurements and 17 (for ICF) and 18 measurements (for SICI).  420 
 421 
The distribution of mean values derived from 1000 resamples of 12 and 18 measures (for SICI) 422 
and 17 measures (for ICF) are displayed in Figure 7. Differences in mean and 95% CIs between 423 
the number of measures used in Experiments 1-3 and the optimal number derived from 424 
Experiment 4 were negligible. For SICI, using 12 measurements produced a mean inhibition 425 
of the conditioned MEP of 71%, with 95% CIs spanning 67-75%, while using 18 measurements 426 
produced a mean inhibition of the conditioned MEP of 70%, with 95% CIs spanning 67-74%. 427 
For ICF, using 12 measures produced a mean facilitation of the conditioned MEP of 125%, 428 
with 95% CIs spanning 115-134%, while using 17 measures produced a mean facilitation of 429 
the conditioned MEP of 124%, with 95% CIs spanning 116-132%.  430 
 431 
 
 
Experiment 5  ̶  Within-day and between-day reliability of single- and paired-pulse TMS 432 
Neuromuscular measures 433 
There were no within- or between-day differences in MVC (within-day AM visit: 653.7 ± 151.7 434 
N; within-day PM visit: 663.5 ± 150.2 N; between-day visit: 657.9 ± 153.1 N), Mmax (within-435 
day AM visit: 5.0 ± 1.7 mV; within-day PM visit: 5.2 ± 1.5 mV; between-day visit: 5.0 ± 1.5 436 
mV), pre-stimulation force or EMGRMS (P > 0.05). Both MVC and Mmax demonstrated excellent 437 
within- and between-day reliability (ICC ≥ 0.90). TE and CV values for Mmax were 0.7 mV and 438 
8.6% for within-day measurements, and 0.7 mV and 8.3% for between day measurements, 439 
respectively. For MVC, TE and CV values were 26.3 N and 3.3% for within-day 440 
measurements, and 27.4 N and 3.0% for between-day measurements, respectively. 441 
Transcranial magnetic stimulation measures 442 
The within- and between-day reliability of CSE, SICI and ICF can be viewed in Table 1, while 443 
individual within- and between-day data points for single- and paired-pulse variables are 444 
displayed in Figure 8. There were no within- or between-day differences for any of the TMS 445 
measures using 5, 10, 12, 15 or 20 measurements (AMT, CSE, SICI or ICF) (P > 0.05). Based 446 
on 20 MEPs (CSE) or pairs of conditioned/unconditioned MEPs (SICI and ICF), within-day 447 
measures of SICI and ICF were good (ICC ≥ 0.77), while within-day measures of CSE and 448 
AMT were excellent (ICC ≥ 0.91). Between-day reliability analysis showed moderate 449 
reliability for ICF and SICI (ICC ≥ 0.61). Measures of CSE displayed good reliability (ICC = 450 
0.87), while AMT demonstrated excellent reliability (ICC = 0.99). When comparing the 451 
reliability of CSE, SICI and ICF when taking 5, 10, 12, 15 and 20 measures, the ICCs were 452 
higher and the CVs lower the more measurements were taken (Table 1). For CSE, ICC values 453 
were excellent when using 10 or more stimuli for within-day measurements (≥ 0.90), and were 454 
good when using 5 or more stimuli for between-day measurements (≥ 0.87). For within-day 455 
 
 
measurements of SICI, reliability was good when using 5 or more measurements (≥ 0.78), 456 
while a minimum of 10 measurements were required to obtain moderate reliability between-457 
days (≥ 0.59). For ICF, a minimum of 15 measurements were required to obtain moderate 458 
reliability both within- (ICC ≥ 0.71) and between-days (ICC ≥ 0.70).  459 
 460 
DISCUSSION 461 
The aims of the present study were: 1) to establish the optimal combination of stimulus 462 
variables when measuring SICI and ICF in the rectus femoris, 2) to determine the minimum 463 
number of stimuli required to obtain an accurate estimation of CSE, SICI and ICF and, 3) to 464 
assess the within- and between-day reliability of CSE, SICI and ICF once the optimal 465 
combination of stimulus variables, and number of pulses, had been established. The study 466 
demonstrates that a number of stimulus variables can be used to induce inhibition and 467 
facilitation in the evoked responses from rectus femoris. For SICI, a CS intensity of 70% AMT, 468 
and ISI of 2 ms, with a contraction strength of 5 or 10% MVC induced the highest degree of 469 
inhibition, suggesting that these stimulus variables are favourable when assessing SICI in the 470 
rectus femoris. Intracortical facilitation was induced using most combinations of stimulus 471 
variables, with large inter-subject variability evident across configurations. For accurate 472 
estimates of CSE, SICI and ICF, the results indicate that 21, 18 and 17 evoked responses are 473 
required, respectively. Finally, the study demonstrates that CSE, SICI and ICF can be measured 474 
reliably both within- and between-days when assessing responses in the rectus femoris. Given 475 
the role of the knee extensors in locomotion and activities of daily living, an increasing number 476 
of studies are applying single- and paired-pulse TMS in the knee extensors in response to 477 
various acute and chronic interventions (Thomas et al. 2017a; Weier et al. 2012). As such, the 478 
results of the study could inform future investigations of this nature, and provide a standardised 479 
 
 
approach to the stimulus variables used when taking TMS measures in the active knee 480 
extensors in order to facilitate comparisons between studies. 481 
 482 
Effect of conditioning stimulus intensity on SICI and ICF. While there was no statistically 483 
significant effect of CS intensity on SICI, a CS of 70% AMT induced the highest level of 484 
inhibition on average, with 19 out of 20 participants exhibiting inhibition at this intensity with 485 
an ISI of 2 ms. Contrasting results exist throughout the literature concerning the influence of 486 
CS on SICI, with a range of CS intensities suggested as producing optimal SICI in muscles of 487 
both the upper and lower limb. For example, in the active knee extensors, studies have reported 488 
that a CS of 90% AMT elicits the greatest degree of SICI (O'Leary et al. 2015; Sidhu et al. 489 
2013b), corroborating the findings of Ridding et al. (1995) in the upper limb muscles. Our 490 
findings are in agreement with those of Ortu et al. (2008), who similarly reported that a CS of 491 
70% elicited optimal SICI during a 10% MVC in the first dorsal interosseous muscle. While it 492 
is unclear why SICI was reduced at CS intensities above 70% AMT, it is possible that higher 493 
CS intensities lead to the concurrent recruitment of both inhibitory and facilitatory 494 
interneurons, thereby reducing the magnitude of inhibition even at short ISIs. Indeed, previous 495 
work has shown that during a light, voluntary contraction (10% MVC), superimposed 496 
recruitment of intracortical facilitatory circuits during paired-pulse TMS at short intervals (1-497 
5 ms) reduces the degree of SICI at specific CS intensities, due to concurrent activation of both 498 
inhibitory and facilitatory interneurons (Ortu et al. 2008).  This facilitatory input, termed short-499 
interval intracortical facilitation (SICF), overlaps in time with SICI, and can be assessed using 500 
a CS and test stimulus intensity which are both near AMT (Ziemann et al. 1998). By assessing 501 
both SICI and SICF during a 10% MVC, Ortu et al. (2008) found that a CS of 70% induced 502 
optimal SICI in the FDI because this intensity was not strong enough to simultaneously activate 503 
intracortical interneurons which mediate SICF. While previous work investigating SICF has 504 
 
 
shown that facilitation occurs at discrete ISIs (1.1-1.5, 2.3-2.9 and 4.1-4.4 ms) (Hanajima et al. 505 
2002; Ortu et al. 2008; Ziemann et al. 1998), these studies have been conducted exclusively in 506 
the upper limb muscles. As such, it is possible that differences in cortical circuitry between 507 
upper and lower limbs (Chen et al. 1998) could influence the interaction between SICI and 508 
SICF, providing a potential mechanistic explanation as to why a CS of 70% AMT induced the 509 
greatest degree of inhibition in our study. However, as SICF was not measured in the present 510 
study, this interpretation should be viewed with caution. While it is unclear why discrepancies 511 
exist in the optimal CS intensity found between studies, methodological differences such as 512 
differences in the test-pulse intensity, contraction strength, ISI and the muscle being 513 
investigated could all contribute to the observed disparities between studies. Therefore, caution 514 
should be aired when attempting to extrapolate the optimal CS intensity for SICI identified in 515 
the present study when used in combination with other paired-pulse TMS variables.  516 
 517 
Another important finding from Experiment 1 was the substantial inter-subject variability in 518 
the optimal CS intensity used when measuring SICI and ICF. Although a CS of 70% AMT 519 
with a 2 ms ISI produced the highest level of SICI on average, only 7 out of 20 (35%) 520 
participants exhibited optimal SICI using these stimulus variables. Previous work has displayed 521 
comparable inter-subject variability in SICI when assessing individual responses to different 522 
CS intensities in the upper limb (Orth et al. 2003; Ortu et al. 2008). Similarly, a high degree of 523 
inter-subject variability was found in ICF, with negligible differences in the mean level of 524 
facilitation using different stimulus variables. While a CS intensity of 80% AMT produced the 525 
highest level of ICF on average, corroborating the findings of previous work (Hunter et al. 526 
2016), only 16 out of 20 participants displayed facilitation at this intensity, with a high degree 527 
of inter-subject variability found in the level of facilitation induced at this intensity. Although 528 
a CS of 60% AMT did not produce the highest level of ICF on average, the inter-subject 529 
 
 
variability in facilitation at this intensity was low, with ICF elicited in the highest number of 530 
subjects when used in combination with an ISI of 10 ms, with 18 out of 20 participants 531 
displaying some degree of facilitation, albeit a smaller magnitude. Furthermore, that ICF was 532 
induced using this CS intensity in combinations with different contraction strengths and inter-533 
stimulus intervals in Experiments 2 and 3 suggests that, while this intensity might not elicit 534 
maximal levels of facilitation, it consistently induces ICF in the vast majority of participants. 535 
While these results suggest a high degree of inter-subject variability in the optimal CS intensity 536 
to elicit inhibition and facilitation, the differences noted between subjects could be a 537 
consequence of the variability inherent in measures of SICI and ICF. Alternatively, it is 538 
possible that differences in the electrophysiological properties of inhibitory and facilitatory 539 
interneurons between-subjects might have contributed to the inter-subject variability (Orth et 540 
al. 2003).  541 
 542 
Effect of contraction strength on SICI and ICF. Although it is well established that the 543 
magnitude of SICI is reduced during voluntary contraction (Kujirai et al. 1993; Ridding et al. 544 
1995), it is recommended that assessments of corticospinal and intracortical activity should be 545 
conducted with the muscle in an active state when assessing responses in relation to locomotor 546 
activity (Gruet et al. 2013; Kalmar 2018), as this is thought to be more reflective of motor 547 
cortical behaviour during locomotion (Sidhu et al. 2013a). Given the key role of this muscle 548 
group in locomotion and athletic activity, the majority of studies using single- and paired-pulse 549 
TMS in the knee extensors relate to locomotor activities, such as fatiguing exercise 550 
(Brownstein et al. 2017; Thomas et al. 2017a), neural adaptations to strength training (Thomas 551 
et al. 2017b; Weier et al. 2012), and the assessment of movement disorders (Cantello 2002). 552 
As such, we considered that because of the muscle group under investigation, it was more 553 
appropriate to assess responses to TMS with the muscle in an active state, and to examine the 554 
 
 
effects of varying contraction intensities on SICI and ICF. The results displayed that SICI was 555 
elicited at contraction strengths of 5%, 10% and 20% MVC, but was progressively reduced 556 
with higher contraction strengths (Figure 3). Although a contraction strength of 5 and 10% 557 
MVC induced a similar degree of SICI on average (60 ± 19% and 62 ± 20% of unconditioned 558 
MEP for 5 and 10% MVC, respectively), we chose to apply a contraction strength of 10% 559 
MVC because we believed that using this contraction strength is more representative of the 560 
recruitment of neural pathways involved in locomotion (where single- and paired-pulse TMS 561 
paradigms are regularly applied when assessing responses in the knee extensors) when 562 
compared with a 5% MVC.  563 
 564 
Previous work has similarly displayed a progressive reduction in SICI with stronger contraction 565 
strengths (Ortu et al. 2008; Zoghi and Nordstrom 2007). The release of inhibition during 566 
contraction has been attributed to modulation of corticospinal neurons by GABAergic circuits 567 
(Zoghi and Nordstrom 2007), and concomitant superimposition of facilitation during voluntary 568 
contraction (Ortu et al. 2008). From a functional perspective, it has been suggested that the 569 
reduction in SICI during voluntary contraction represents a transient compensatory down-570 
regulation of inhibitory processes, such that there is a gradual reduction in SICI with increasing 571 
contraction strengths in order to preserve cortical output to the target muscle (Maruyama et al. 572 
2006; Vucic et al. 2011).  573 
 574 
Intracortical facilitation was also induced at contraction strengths of 5%, 10% and 20% MVC, 575 
with no ICF at 50% MVC. Limited evidence exists on the effect on contraction strength on 576 
ICF; however, contrasting evidence has suggested during voluntary contraction, ICF is reduced 577 
compared with rest (Hanajima et al. 2002; Kujirai et al. 1993; Ridding et al. 1995), with others 578 
 
 
reporting an increase in glutamate mediated SICF during contraction compared with rest (Ortu 579 
et al. 2008). Furthermore, it is unclear why ICF was abolished at 50% MVC. Ortu et al. (2008) 580 
suggested that at high contraction intensities, a ‘busy line’ phenomenon might occur, whereby 581 
there is too much activity within glumatergic circuits for facilitation to be observed. 582 
Alternatively, given that the largest MEPs are commonly evoked during a 50% MVC in the 583 
knee extensors (Goodall et al. 2014), it is possible that a ceiling effect exists in MEP amplitude, 584 
whereby no increase in the conditioned MEP amplitude can be observed. 585 
 586 
While previous authors have advocated taking measures of SICI and ICF with the muscle in an 587 
active state in order to better reflect motor cortical behaviour compared with taking measures 588 
at rest (Gruet et al. 2013; Kalmar 2018), the limitations associated with taking measurements 589 
of paired-pulse TMS in relation to locomotor activities should be acknowledged. Specifically, 590 
because SICI and ICF are abolished at higher contraction intensities, the capacity to capture 591 
these measures at higher contraction intensities consistent with those used during and following 592 
high-intensity locomotor exercise, to which they are commonly applied (O'Leary et al. 2016; 593 
Thomas et al. 2017b; Weier et al. 2012), is precluded. These limitations were highlighted in a 594 
recent review by Kalmar (2018), who suggested that in an ideal scenario, we would take 595 
measures of corticospinal excitability, and in this case SICI and ICF, across a range of time 596 
points and contraction intensities that reflect the planning or execution phases of motor output 597 
that we consider most pertinent to the questions we pose. However, due to the constraints 598 
associated with taking such measures, this is of course not possible. Consequently, we are 599 
required to sacrifice some degree of ecological validity in order to ensure measures are taken 600 
in a controlled and reproducible environment. As a compromise, taking measures under 601 
conditions which more closely replicate the ‘real-life’ motor task has been advocated (Kalmar 602 
2018). Despite their limitations, measuring SICI and ICF during light voluntary contractions 603 
 
 
has previously been shown be responsive to changes in intracortical excitability following 604 
locomotor exercise interventions such as fatiguing exercise, acute and chronic strength training 605 
interventions involving high force contractions. Taking these considerations into account, we 606 
believe that measuring SICI and ICF during a low intensity voluntary contraction offers a 607 
reasonable compromise when attempting to assess changes in response to muscular exercise. 608 
 609 
Effect of inter-stimulus interval on SICI and ICF. The level of SICI was influenced by the 610 
ISI, with significant inhibition at 2 and 3 ms and no inhibition at 4 and 5 ms. Previous work 611 
has found that SICI is most prominent at 1 ms and 2.5 ms ISIs, with inhibition at 1 ms attributed 612 
to the refractory period of the interneurons activated by the preceding CS, and inhibition at 2.5 613 
ms mediated by GABAA interneurons (Fisher et al. 2002; Hanajima et al. 2003). It is now 614 
generally accepted that all SICI occurring at 2-5 ms is a consequence of the activity of 615 
GABAergic inhibitory interneurons acting via GABAA receptors (Vucic et al. 2011). While no 616 
statistically significant difference in SICI was found between 2 and 3 ms, a 2 ms ISI induced 617 
the most inhibition on average, and the highest level of MEP suppression in 12 out of 16 618 
participants. These results are in contrast to Hanajima et al (2003), who found no suppression 619 
of late indirect waves (I-waves; descending volleys produced by indirect activation on 620 
pyramidal tract neurons), which are normally susceptible to inhibition, in the active first dorsal 621 
interosseous at an ISI of 2 ms, while 3-5 ms produced substantial inhibition. Moreover, 622 
previous studies investigating responses in the upper-limb have successfully induced SICI at 623 
ISIs of 4 and 5 ms (Beck et al. 2007; Kujirai et al. 1993; Ortu et al. 2008). While it is unclear 624 
why these discrepancies exist, the disparity between the studies highlight that the optimal 625 
stimulus variables for inducing SICI in one muscle group cannot necessarily be generalised 626 
across all muscle groups. 627 
 
 
 628 
. Although no significant differences between the level of ICF were found between different 629 
ISIs in the present study, we maintained an ISI of 10 ms when assessing ICF in Experiments 4 630 
and 5, because this ISI induced the highest level of facilitation on average and in the greatest 631 
number of participants (14 out of 16) in comparison with other stimulus variables. However, 632 
even when using these stimulus variables, substantial inter-subject variability existed in the 633 
level of facilitation induced (average conditioned/unconditioned MEP ratio: 120 ± 10%, range: 634 
98 to 169%). Furthermore, a high degree of inter-subject variability existed in the ISI which 635 
induced the highest level of ICF, with only 4 of 16 participants displaying the highest 636 
conditioned/unconditioned MEP ratio at this ISI. The erratic nature of ICF in the present study 637 
is in line with previous studies attempting to elicit ICF in the knee extensors (Brownstein et al. 638 
2018; O'Leary et al. 2015). For example, a recent study from our laboratory attempting to 639 
compare intracortical and corticospinal responses between isometric squat and knee extension 640 
exercise found that only a limited number of participants exhibited facilitation in the vastus 641 
lateralis during both exercise modalities (Brownstein et al. 2018), and the measure was 642 
consequently omitted from the analysis due to the small number of valid cases. Similarly, 643 
O’Leary et al (2015) displayed an average ratio of conditioned/unconditioned MEP amplitude 644 
below 1.0 in a cohort of 16 participants when assessing the reliability of ICF. While ICF is 645 
thought to reflect the excitability of glutamate mediated N-methyl-D-aspartate excitatory 646 
interneurons, the lack of facilitation suggests that using a subthreshold CS with an ISI of 10-647 
15 ms fails to activate these interneurons in some participants. Consequently, future studies 648 
should exercise caution when attempting to measure and interpret ICF when assessing 649 
responses in the knee extensors. A prudent approach when assessing ICF could be to exclude 650 
participants who do not exhibit a conditioned/unconditioned MEP ratio > 1.0 from the analysis, 651 
and to only proceed with the analysis if a sufficient number of participants exhibit facilitation.  652 
 
 
 653 
Assessment of the minimum number of measurements required to obtain an accurate 654 
estimation of CSE, SICI and ICF. The number of measurements required to obtain an 655 
accurate estimate of CSE, SICI and ICF, i.e. the number of measurements required to fall within 656 
the 95% CI, was 21, 18 and 17, respectively. Responses to single- and paired-pulse TMS are 657 
inherently variable, with a high degree of pulse-to-pulse fluctuation in the MEP amplitude. As 658 
such, it is important to understand the optimal number of pulses required to obtain a ‘true’ 659 
estimate of CSE, SICI and ICF in order to maximise the reliability of these measurements. A 660 
number of recent studies have similarly assessed the minimum number of pulses required to 661 
obtain an accurate estimate of CSE; Bashir et al. (2017) and Cuypers et al. (2014) reported that 662 
a minimum of 30 stimuli were required, while Chang et al. (2016) reported that at least 20 and 663 
25 pulses were required to obtain an accurate estimate of SICI and ICF, respectively. However, 664 
all of these studies measured responses in the resting first dorsal interosseous, while the present 665 
study was conducted in the active knee extensors. Given that it has previously been shown the 666 
variability of MEPs are reduced when measurements are taken during muscle contraction 667 
(Darling et al. 2006), this likely explains the lower number of pulses required to fall within the 668 
95% CI in comparison with previous work (Bashir et al. 2017; Chang et al. 2016; Cuypers et 669 
al. 2014). In the majority of studies assessing responses in the knee extensor musculature, 10-670 
15 measurements are arbitrarily applied when assessing CSE, SICI and/or ICF (O'Leary et al. 671 
2016; Thomas et al. 2017b; Weier et al. 2012). Based on the results from the present study, 672 
using 10-15 pulses would reduce the probability of the value for averaged consecutive 673 
measurements falling within the 95% CI based on 30 stimuli for CSE (0.60-0.75), SICI (0.65-674 
0.90) and ICF (0.80-0.90). As such, the degree of error in the estimate of CSE, SICI and ICF 675 
is reduced considerably when using the number of stimuli commonly employed when 676 
measuring responses in the knee extensors (O'Leary et al. 2016; Thomas et al. 2017b; Weier et 677 
 
 
al. 2012). Thus, the information provided from this study on the optimal number of pulses 678 
required during single- and paired-pulse TMS measurement provides important practical 679 
information when assessing responses in the active knee extensors.  680 
 681 
Within-day and between-day reliability of single- and paired-pulse TMS. Using the 682 
optimal number of measurements established in the previous experiment, reliability analyses 683 
revealed that CSE, SICI and ICF can be measured with moderate-to-excellent relative 684 
reliability both within- and between-days. Corticospinal excitability was highly reproducible 685 
both within- and between-days, corroborating findings from previous studies in the active 686 
rectus femoris (Temesi et al. 2017). The level of within- and between-day reliability of CSE 687 
was slightly higher than reported by O’Leary et al. (2015) (ICC = 0.85 and 0.82, respectively). 688 
However, their study investigated responses in the vastus lateralis, and was based on averaged 689 
responses from 10 measurements rather than the 20 used in the present study, possibly 690 
contributing to the differences in ICCs. Despite the high reproducibility of CSE in the present 691 
study, there was also a higher degree of variability for within- and between-day measurements 692 
when compared with SICI and ICF measurements, which should be taken into account when 693 
taking multiple measures of CSE throughout an intervention. Based on 20 measurements, both 694 
SICI and ICF displayed good reliability within-day, and moderate reliability between-days, 695 
similar to previous findings in the vastus lateralis (O'Leary et al. 2015). Furthermore, the 696 
excellent reliability of MVC and Mmax suggest that the variability in CSE, SICI or ICF was not 697 
a result of changes in contraction strength or neuromuscular transmission.  698 
 699 
While Experiment 4 identified the optimal number of measurements as 21, 18 and 17 when 700 
assessing CSE, SICI and ICF, respectively, many studies require responses to single- and 701 
 
 
paired-pulse TMS to be captured in a more timely fashion. For example, several studies have 702 
measured CSE and SICI during and following exercise interventions in order to assess fatigue-703 
induced alterations in corticospinal or intracortical activity (Brownstein et al. 2017; Sidhu et 704 
al. 2013b; Thomas et al. 2017a). As such, it is often impractical to employ a prolonged testing 705 
battery during which intervention-induced changes in CNS activity could dissipate, and using 706 
a lower number of stimuli might be more appropriate in order to reduce the time required for 707 
assessment. In these circumstances, it is important to understand the reliability and sensitivity 708 
of single- and paired-pulse TMS in detecting changes when a suboptimal number of stimuli 709 
have been used. In general, using a higher number of measurements resulted in greater relative 710 
and absolute reliability and lower variability, particularly for between-day measurements. 711 
Despite this, the reliability and variability for measurements of CSE and SICI were not 712 
markedly impaired between 20 and 5 measurements when assessed within-day. In contrast, 713 
SICI and ICF displayed a substantial drop in between-day reliability and increase in variability 714 
when taking under 15 measurements. Based on these results, we suggest that taking 20 715 
measurements of CSE, SICI and ICF will improve the accuracy and reliability of results both 716 
within- and between-days.  717 
 718 
Limitations. While the present study provides important methodological information which 719 
can be used to guide future investigations employing single- and paired-pulse TMS in the knee 720 
extensors, the study is not without its limitations. Specifically, in Experiments 1-3, 12 721 
measurements were used to assess the effect of each combination of stimulus variables on SICI 722 
and ICF. However, in Experiment 4, it was determined that 18 and 17 measurements were 723 
required to ensure 100% probability of falling within the 95% CI based on 30 measurements 724 
for SICI and ICF, respectively. Consequently, the number of stimuli used in Experiments 1-3 725 
was below the minimum required to ensure the SICI or ICF value fell within the 95% CI for 726 
 
 
all participants. However, had the sequence of the experiments been such that Experiment 4 727 
was conducted before Experiment 1, the optimal configuration used to assess SICI and ICF 728 
would not yet have been determined. As such, it is possible that performing the experiments in 729 
this sequence would have resulted in using a different set of stimulus variables for 730 
measurements of SICI and ICF then would subsequently be determined in the next three 731 
experiments. In turn, using different stimulus variables could have influenced the variability in 732 
responses to paired-pulse TMS if a different population of inhibitory or facilitatory 733 
interneurons were activated, potentially invalidating the results of the experiment. To account 734 
for this limitation, we performed statistical resampling in order to establish the uncertainty 735 
(measured through 95% CIs) associated with using 12 measurements (i.e. the number used in 736 
Experiments 1-3) to quantify the level of SICI and ICF, compared with the level of uncertainty 737 
associated with using the ‘optimal’ number of measurements derived from Experiment 4, i.e. 738 
18 for SICI and 17 for ICF. The results displayed that differences between the mean values and 739 
95% CIs derived from using 12 measurements compared with the ‘optimal’ number were 740 
negligible. Specifically, 95% CIs were 1 and 3% wider when using 12 measurements compared 741 
with using 18 and 17 for SICI and ICF, respectively, suggesting that it is unlikely that using a 742 
suboptimal number of measurements in Experiments 1-3 had bearing on the results of the study. 743 
 744 
CONCLUSION 745 
The present study demonstrates that a number of stimulus variables can be used to assess short-746 
interval intracortical inhibition and intracortical facilitation in the active rectus femoris. For 747 
measurements of short-interval intracortical inhibition, a conditioning stimulus of 70% active 748 
motor threshold with an inter-stimulus interval of 2 ms during a contraction (5 or 10% 749 
maximum voluntary contraction) was the optimal combination of stimulus variables to elicit 750 
 
 
maximum inhibition. For intracortical facilitation, there appeared to be no optimal combination 751 
of stimulus variables to maximise facilitation, with low levels of facilitation induced using 752 
most stimulus variables, and large inter-subject variability evident across all combinations of 753 
stimulus variables. A minimum of 21, 18 and 17 measurements were required to obtain an 754 
accurate estimate of corticospinal excitability, short-interval intracortical inhibition and 755 
intracortical inhibition, respectively. Furthermore, using these stimulus variables and number 756 
of stimuli, the study demonstrated that corticospinal excitability, short-interval intracortical 757 
inhibition and intracortical inhibition can be measured reliability both within- and between-758 
days in the active rectus femoris. The results of this study can be used to guide future 759 
investigations employing single- and paired-pulse transcranial magnetic stimulation in the 760 
active rectus femoris, and reduce the heterogeneity which currently exists between studies.  761 
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Table and Figure Legends 
Table 1. Intraclass correlation coefficients, typical error expressed in raw units, and coefficient 
of variation for within- and between-day measures of single- and paired-pulse transcranial 
magnetic stimulation (n = 20). 
Figure 1. Flow chart displaying study design. Experiments 1-3 aimed to determine the optimal 
stimulus variables used to measure  short-interval intracortical inhibition (SICI) and 
intracortical facilitation (ICF) in the rectus femoris by investigating the effects of conditioning 
stimulus (CS) intensity, contraction strength and inter-stimulus interval (ISI), respectively, on 
the level of inhibition and facilitation. Experiment 4 assessed the minimum number of 
measurements required to obtain an accurate estimate of corticospinal excitability (CSE), SICI 
and ICF using the optimal stimulus variables determined from Experiments 1-3. Using the 
optimal stimulus variables and number of measurements obtained from Experiments 1-4, 
Experiment 5 assessed the within- and between-day reliability of CSE, SICI and ICF. 
Figure 2. Effect of conditioning stimulus intensity relative to active motor threshold (AMT) 
and inter-stimulus interval (ISI) on short-interval intracortical inhibition (SICI) and 
intracortical facilitation (ICF) measured in the rectus femoris (n = 20) during a 10% MVC. 
Solid horizontal line represents threshold between inhibition (< 100%), and facilitation (> 
100%). Values are mean ± SD. 
Figure 3. Effect of contraction strength relative to maximal voluntary contraction (MVC) on 
short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF) measured in the 
rectus femoris (n = 18). Solid horizontal line represents threshold between inhibition (< 100%), 
and facilitation (> 100%). Values are mean ± SD. 
Figure 4. Effect of inter-stimulus interval (ISI) on short-interval intracortical inhibition (SICI) 
and intracortical facilitation (ICF) in the rectus femoris (n = 16) during a 10% MVC. Solid 
 
 
horizontal line represents threshold between inhibition (< 100%), and facilitation (> 100%). 
Solid vertical line represents cut off between ISIs used to measure SICI (2-5 ms) and ICF (10-
15 ms). Values are mean ± SD.  
Figure 5. Corticospinal excitability (CSE, A), short-interval intracortical inhibition (SICI, B) 
and intracortical facilitation (ICF, C) during consecutive TMS stimuli from a representative 
participant measured during a 10% MVC. White dots represent the individual (raw) MEP (A) 
or ratio of conditioned to unconditioned MEPs (B and C), while black dots represent the 
average of consecutive MEPs or SICI and ICF ratios. Dashed lines represent the 95% 
confidence interval (CI), which is based on 30 stimuli. For this particular participant, 17, 16 
and 17 consecutive stimuli for CSE, SICI and ICF, respectively, were sufficient to enter the 
95% CI.  
Figure 6. Probability that the motor evoked potential (MEP) during single-pulse measures of 
corticospinal excitability (CSE, A) or the ratio of conditioned to unconditioned MEP during 
measures of short-interval intracortical inhibition (SICI, B) and intracortical facilitation (ICF, 
C) for averaged consecutive stimuli and pairs of stimuli will fall within the 95% confidence 
interval (CI) based on 30 stimuli. 21, 18 and 17 measurements were required to a probability 
of 1 for inclusion in the 95% CI for CSE, SICI and ICF, respectively (CSE n = 16, SICI n = 
18, ICF n = 19).  
Figure 7. Histogram displaying distribution of mean values derived from 1000 resamples of 
12 (solid line) and 18 measurements (dashed line) of SICI (A) and of 12 (solid line) and 17 
measurements (dashed line) of ICF (B).  
Figure 8. Individual data points for within- and between-day measures of corticospinal 
excitability (CSE, A), short-interval intracortical inhibition (SICI, B) and intracortical 
facilitation (ICF, C) measured during a 10% MVC. White dot represents between-day 
 
 
measurements, while black dots represent within-day measurements. The dashed lines 
represent lines of agreement (n = 20).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Intraclass correlation coefficients, typical error expressed in raw units (CSE: % of 
Mmax, SICI and ICF: % of unconditioned MEP), and coefficient of variation (%) for within- 
and between-day measures of single- and paired-pulse transcranial magnetic stimulation (n = 
20).  
ICC = intraclass correlation coefficient, TE = typical error, CV = coefficient of variation, CSE = corticospinal excitability, SICI = short-
interval intracortical inhibition, ICF = intracortical facilitation 
 
 
 
 
 
 
 
 
 
 
 
 
Within-day           
 20 measurements  15 measurements  12 measurements  10 measurements  5 measurements 
 ICC TE CV  ICC TE CV  ICC TE CV  ICC TE CV  ICC TE CV 
CSE  
 
0.91  6 17.9  0.90  
 
6 20.3  0.87 6 22.8  0.90  
 
6 21.3  0.87  6 24.8 
SICI 0.84  9 10.9  0.84  
 
9 11.3  0.78 11 12.7  0.78  
 
11 12.9  0.80  
 
11 12.1 
ICF 0.77  15 6.9  0.71  
 
13 7.1  0.80 10 7.3  0.36 17 9.6  0.30  
 
30 14.2 
Between-day                  
CSE  
 
0.87  
 
 
5 18.3  0.84 5 18.0  0.77 5 17.0  0.78 6 19.6  0.77 7 20.2 
SICI 0.74 11 10.6  0.70 10 13.1  0.68 11 13.3  0.59 12 14.3  0.23 17 21.1 
ICF 0.61 15 8.2  0.70 13 7.8  0.78 15 7.8  0.67 17 8.0  0.11 30 15.1 
 
 
Figure 1 
 
 
Experiment 1 – Conditioning stimulus and inter-stimulus interval
• SICI CS intensities: 60, 70, 80 and 90% AMT, ISI 2 and 3 ms
• ICF CS intensities: 60, 70, 80 and 90% AMT, ISI 10 and 15 ms
Experiment 2 – Contraction strength
• SICI and ICF contraction strengths: 5, 10, 20 and 50% MVC
• CS intensity and ISI derived from configuration which elicited optimal 
SICI and ICF in Experiment 1
Experiment 3 – Inter-stimulus interval
• SICI ISIs: 2, 3, 4 and 5 ms
• ICF ISIs: 10, 11, 12, 13, 14 and 15 ms
• CS and contraction strength derived from configuration which elicited 
optimal SICI and ICF in Experiments 1 and 2
Experiment 4 – Number of measurements required to obtain accurate 
estimate of CSE, SICI and ICF
• CSE: 30 single-pulses
• SICI and ICF: 30 conditioned and 30 unconditioned pulses
• CS, ISIs and contraction strength derived the configuration which 
elicited optimal SICI and ICF in Experiments 1, 2 and 3. 
Experiment 5 – Within- and between-day reliability
• Within-day reliability: morning and afternoon separated by 4 hrs
• Between-day reliability: testing conducted at same time as within-
day morning session
• CS, contraction strength and ISI derived from the configuration 
which elicited optimal SICI and ICF in Experiments 1, 2 and 3,
• Number of measurements derived from Experiment 4
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